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It is necessary to improve the energy efficiency of all technical processes due to the uncertainties associated with 
climate change. One possibility to achieve higher energy efficiency is to utilize waste heat which occurs in many 
different applications. This heat may be used to replace compression chillers by heat driven absorption chillers 
which leads to a lower consumption of primary energy. Thus, research on heat driven absorption chillers is 
important to gain higher energy efficiency.  
 
In most cases the absorber is the limiting component of absorption chillers which is often designed as a falling-film 
absorber with horizontal tubes. This paper gives a brief overview on the latest experimental results of absorption on 
horizontal tubes published in the literature. All important design parameters and their influence on the efficiency of 
absorbers are considered. This includes the different working fluids and their additives as well as the various 
geometrical parameters. Thereby, a special focus is put on the different surface structures of the tubes that are used 
in absorbers. Also recent trends in research as ionic fluids and nanoparticles are examined. As an important result it 
can be concluded that some design parameters and their effects on the efficiency of absorbers are still not 




In the last decade global warming and its effects on the environment have been of great interest. The global warming 
is affected by the emission of greenhouse gases (GHG) which have grown over the last decades due to human 
activities. Although carbon dioxide is the most important greenhouse gas, the influence of common refrigerants used 
in compression cycles cannot be ignored due to their very high global warming potential, e.g. R134a has a GWP of 
1300 (IPCC, 2007). Thus, alternative concepts for cooling are of rising interest. Absorption chillers are such an 
alternative because of their environmentally friendly working pairs as NH3 / H2O and H2O / LiBr. 
 
Furthermore, the design and operation of energy efficient processes are key engineering tasks in all areas of process 
industry. Optimization of heat integration may contribute to increased energy efficiency of these processes. 
Absorption chillers offer the opportunity to increase the efficiency of production processes by supplying the cooling 
due to the utilization of industrial waste heat. This leads to a lower consumption of primary energy and thereby to 
reduced emissions of carbon dioxide. Another advantage of this heat integration is the increasing competitiveness. 
 
A very simple absorption cycle consists of four heat exchanger, two valves and one solution pump, where the heat 
exchanger are the most important and critical components. Unfortunately, the performance and reliability of 
absorption systems is still not comparable with common compression systems. Hereby, the absorber has been 
identified as the most critical component of such a system (Beutler et al., 1996). Additionally, Gluesenkamp et al., 
(2011) pointed out that the design of compact heat exchangers is one of the most important tasks.  
 
The aim of this work is to give an overview on the most important experimental investigations on falling-film 
absorbers with horizontal tubes published since the review of Killion and Garimella (2003). Geometrical aspects like 
surface structure, tube diameter and spacing as well as different working fluids and their additives are covered in this 
paper. Some information are summarized in an analogue way to Killion and Garimella (2003) allowing a better 
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comparison of all studies discussed in both reviews. Possible strategies for more efficient absorber designs are 
pointed out and tasks for further experimental investigations are named in this review. 
 
2. TYPICAL DESIGN OF EXPERIMENTAL SETUPS AND OPERATING 
CONDITIONS 
 
Most of the investigations discussed in this review are performed at an absorber test stand. Although all test setups 
have their own specific details, the general design of these test stands is comparable. A typical design of this type of 
test setup is shown in Figure 1. In such an experimental setup, the absorber and the generator are located in one 
casing and they are at the same pressure level. The vapor is often generated directly beneath the absorber bundle by 
an electrical heater and vapor flows in counter-current flow to the solution. The poor solution is pumped from the 
bottom to the top of the absorber and the solution temperature is in many cases conditioned on this way. Different 
approaches of solution distribution are used to get a full wetting of the first tube row. The solution absorbs the 
vaporous refrigerant while it flows down the tube bundle, increasing the concentration of the refrigerant within the 
solution. In many cases, the enriched solution is collected in a tub beneath the last tube row in order to measure its 
conditions. The coolant flows typically in a serpentine way from the bottom to the top of the absorber. A variety of 
different data is measured in such a test stand. At least, the overall temperature change and the flow rate of 
absorbent and coolant as well as the system pressure, the heating power and the concentration of the poor solution 
are determined. In some cases, additional temperature measurements are conducted at various points of the absorber 
and the concentration of the strong solution beneath the absorber bundle is measured. Especially, the measurement 
of the concentration is quite complicated due to the low concentration differences between poor and rich solution. 
Therefore, no standard approach for this measurement is available in literature. A more detailed description of this 
typical design is given by Killion and Garimella (2003). 
 
In a few investigations, a complete single-effect absorption chiller is used for the experiments (Yoon et al., 2002, 
Bredow et al., 2008, and Kyung and Herold, 2002). The advantage of this attempt is that the obtained data are more 
realistic in comparison with available commercial systems. Unfortunately, they are limited in the determination of 
basic mechanisms leading to heat and mass transfer enhancement due to the interactions between the different 
components. Kim et al., (2003a) focused on the wettability of the tube bundle in absence of heat and mass transfer 
and Pospisil et al., (2009) investigated only the heat transfer enhancement and backsplash in dependence of the 
surface structure. Therefore their experimental setups differ slightly from the typical design described above. 
Information on these test setups is given as the investigations are discussed. 
 
 
Figure 1: Typical Design of a Test Apparatus for Falling-Film Absorbers with Horizontal Tubes 
Sensors: 
T  – Temperature 
p – Pressure 
m  – Mass Flow Rate 
c  – Concentration 
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H2O / LiBr 2-Ethyl-
Hexanol 
4 / 8 19.1 360 / 460 2,33 smooth serpentine 
Nosoko et al. 
(2002) 
H2O / O2 - 2 / 4 / 6 / 
8 
16.0 284 1,125 – 
1.94 
smooth - 
Yoon et al. 
(2002) 




Kim et al. 
(2003a) 
H2O / LiBr - 28 16.0 205 1.625 smooth / 2 
enhanced 
- 
Kim & Lee 
(2003) 
H2O / LiBr - 6 22.0 100 - smooth serpentine 
Park et al. 
(2003) 





H2O / LiBr - 14 15.9 330 2.95 smooth serpentine 
Kyung et al. 
(2007) 
H2O / LiBr - 4 / 8 19.0 360 / 470 2,33 smooth serpentine 
Kang et al. 
(2008) 
H2O / LiBr nano-
particles 
8 15.0 500 3,5 smooth serpentine 
Yoon et al. 
(2008) 
H2O / LiBr - 10 / 12 / 
16 
15.9 / 12.7 
/ 9.5 
400 1,63 smooth serpentine 
Islam (2008) H2O / LiBr - 24 19.0 160 - smooth serpentine 
Pospisil et al. 
(2009) 




et al. (2009) 
R134a / 
DMAC 
- 48 12.7 1000 - smooth serpentine 
 
The range of the working fluids, additives and different geometrical parameters used in the experimental 
investigations of the last years is summarized in chronological order in Table 1. It has to be noted that only the first 
description of an experimental setup in literature is listed in this table, but often an identical setup is used for a series 
of investigations. Detailed information on other parameters, e.g. mass flow rate, is given in the following discussion 
of the different investigations. Obviously, there are some parameters which are almost identical within all 
investigations. Most studies discussed (in this review) apply a H2O/LiBr solution as working fluid, tube diameters 
from 15.9 to 19 mm and a serpentine way of coolant flow within the tubes. A wide scattering of the experimental 
conditions is observed for the number of tubes, tube length and the ratio of tube distance divided by tube diameter. 
Due to the chronological order of the listed test setups, a trend to smaller tube diameters can be seen for the last few 
years. Other specific trends cannot be identified in the listed experimental conditions. 
 
3. EFFECT OF WORKING FLUIDS AND ADDITIVES  
 
Some investigations on new possible working fluids for absorption chillers are conducted in the last decade. This is 
of high interest because of the very limited number of available working fluids so far. In this work, experimental 
results on the employment of so-called ionic liquids and a R134a-DMAC mixture in falling-film absorbers are 
reported. Additionally, there are many different investigations on the effect of different additives on heat and mass 
transfer in absorption chillers. Research on well-known additives as n-Octanol as well as on nanoparticles is covered 
in this review. 
 
3.1 Working Fluids 
In the last decade several papers have been published containing experimental studies on falling-film absorbers with 
H2O/LiBr as working fluid, but no additives are employed and no geometrical parameters are investigated. Most of 
them (Kyung et al., 2007, Soto Francés and Pinazo Ojer, 2003, Raisul Islam et al., 2003, and Raisul Islam, 2008) are 
performed to validate a model for the absorption of vapor into an aqueous lithium bromide solution. Bredow et al. 
(2008) investigated the influence of the LiBr concentration and solution flow rate on the heat and mass transfer in an 
industrial type absorption chiller. These experimental investigations are not discussed in detail because the obtained 
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results do not contribute to the topics primarily discussed in this review. Nevertheless, these papers should be 
mentioned in this review. 
 
Harikrishnan et al. (2009, 2011) have investigated the absorption of vaporous R134a (1,1,1,2-tetrafluorethane) into a 
R134a-DMAC (Dimethylacetamide) solution flowing over a falling-film tube bundle. This tubular absorber consists 
of 48 copper tubes which are arranged in 6 columns with 8 rows. The diameter of each tube is 12.7 mm and the 
effective length is 1000 mm. In 2009, the effects of solution subcooling and solution flow rate on heat and mass 
transfer are investigated. The obtained results are compared with typical values when a lithium bromide solution is 
used in such a system. The reported heat transfer coefficients are in the range from 100 – 400 W/m²K, which is only 
about a tenth of the values for H2O/LiBr. The heat transfer coefficient seems to be only dependent of the solution 
flow rate. The values obtained for the mass transfer coefficient are strongly dependent on the solution subcooling. 
The range observed for low subcooling is from 200 to 300 g/m²s. A mass transfer coefficient of about 20 g/m²s is 
reported for high subcooling. In comparison with H2O/LiBr, the mass transfer coefficients are of the same order. 
Harikrishnan et al. (2011) have extended their investigations on this working fluid. They have varied mass flow rate 
of the coolant, coolant temperature, heater load and concentration of R134a in the solution in this experimental 
study. Unfortunately, it is not pointed out which of these parameters has the strongest effect on heat and mass 
transfer and for the obtained results no comparison with a typical working fluid as H2O/LiBr is provided. 
 
Schneider et al. (2011) investigate the use of ionic liquids as possible new working fluids for absorption chillers. 
They point out that the ionic liquids can be customized onto the requirements of a specific process. Thus, the well-
known drawbacks of the common working pairs H2O/LiBr and NH3/H2O as corrosiveness, crystallization, toxicity 
or working pressure can maybe solved with these new substances. The experimental investigations are performed at 
a single-effect absorption chiller. All heat exchanger are realized as horizontally orientated tube bundles, but no 
detailed geometric information is provided. Three different ionic liquids are compared with the typical working fluid 
H2O/LiBr. It is shown that comparable or even better COPs can be obtained with ionic liquids, but the higher 
viscosity of all ionic liquids leads to a far lower solution flow rate. This results in a lower cooling capacity for all 
tested ionic liquids compared with H2O/LiBr. 
 
3.2 The Effect of Additives  
The additives used in horizontal tube absorbers can be categorized in two independent groups. These are already 
well-known surfactants as 2-Ethyl-Hexanol or n-Octanol and nanoparticles as Fe particles or carbon nanotubes 
(CNT) which are a new trend in absorption research. Both types lead to a dramatic increase in absorber efficiency, 
but at least for the nanoparticles the effect cannot be explained in a sufficient way. 
 
The effect of surfactants on heat and mass transfer in absorption chillers is studied by Yoon et al. (2002), Park et al. 
(2004) and Kyung and Herold (2002). The effect of n-Octanol (Yoon et al., 2002, Park et al., 2004) and 2-Ethyl-
Hexanol (Kyung and Herold 2002) is analyzed in these investigations. Yoon et al. (2002) use in their investigation a 
full absorption cycle and the absorber consists of 48 tubes of 400 mm length. The tubes are arranged in 6 columns 
and 8 rows and the experiments are conducted without and with an additive. Octanol is used as additive and the 
concentration is varied from 500-5500 ppm. 3 different tube surfaces are used in this investigation. They present 
only results for the effect of surfactant concentration on the heat transfer coefficient. No information on the mass 
transfer coefficient is given in the paper. An enhancement up to 90% is observed for the smooth tube in dependence 
of the surfactant concentration, but no further improvement of the heat transfer is obtained for additive 
concentrations higher than 3500 ppm. The effect of the enhanced surfaces is discussed in the next section. 
 
Park et al. (2004) investigate the influence of the same surfactant on the heat and mass transfer in a falling-film 
absorber consisting of 24 tubes. They use 3 different surfaces in their investigation, one smooth tube and two 
enhanced ones. The tubes have a diameter of 16.0 mm and the length is given with 500 mm. The concentration of n-
Octanol is given with 400 ppm. For the smooth tube, Park et al. (2004) report an enhancement of 3.76 times in 
presence of the surfactant compared with the absorption rate without additive.  
 
Kyung and Herold (2002) investigate the performance of horizontal smooth tube absorbers with and without 2-
Ethyl-Hexanol in a single-effect absorption chiller. The tubes have an outer diameter of 19.1 mm and two tube 
bundles are tested in this investigation. One consists of eight tubes with a length of 460 mm and the other one 
consists of 4 tubes of 360 mm length. The distance between the tubes is 25.4 mm in both configurations. The 
concentration of the additive is varied from 0 to 500 ppm and it is found that a maximum enhancement is reached at 
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a concentration of 100 ppm. A heat transfer enhancement of 1.67 times compared with the value without additive is 
reported. This enhancement is explained with the Vapor Surfactant theory which was introduced by Kulankara and 
Herold (1999). 
 
Most investigations on the effect of nanoparticles on the coupled heat and mass transfer have been performed with 
other absorber geometries as falling-film absorber with horizontal tubes. Only Kang et al. (2008) investigated the 
effect of nanoparticles on the heat and mass transfer in such an absorber. Their test absorber consists of 8 parallel 
tubes with an outer diameter of 15 mm and an effective length of 500 mm. H2O/LiBr is used as working fluid in the 
experiments and Fe particles and carbon nanotubes are added in concentrations of 0.01 and 0.1 wt% to the solution. 
They observe a significant enhancement of the vapor absorption rate with increasing concentration of both kinds of 
nanoparticles but the influence of the nanoparticles on the heat transfer rate seems to be almost negligible. Kang et 
al. report that the CNT lead to a higher mass transfer enhancement than the Fe nanoparticles and an average 
enhancement factor of 2.48 is given for a concentration of 0.1 wt% CNTs. Therefore, they conclude that CNT are 
more suitable for H2O/LiBr absorption systems than Fe nanoparticle.  
 
A significant enhancement of the absorber efficiency can be achieved when additives are used in such a system. 
Because of the limited number of investigations on the influence of nanoparticles it is not possible to decide which 
kind of additive is more efficient. The mechanisms of the enhancement by adding surfactants has already been 
investigated in the last decades (Killion and Garimella 2003), but a sufficient explanation of the mechanism of mass 
transfer enhancement by adding nanoparticles is missing and further research is necessary. Furthermore, the 
combined usage of both additive types is of high interest and the impact on each other should be addressed in this 
context. 
 
4. EFFECT OF GEOMETRICAL PARAMETERS 
 
The design of falling-film absorbers with horizontal tubes contains several independent geometrical parameters as 
the surface structure of the tubes, tube diameter, tube spacing and the number of tubes per column. Other parameters 
like the solution distribution, vapor inlet into the absorber and solution collection will not be discussed within this 
review because they are not directly related to the geometrical design of the horizontal tube bundle.  
 
4.1 Micro- and Macrostructure of the Tubes 
Modifications of the tube surface can be separated into micro- and macro-structured surfaces. Both types of 
modification have been discussed in literature during the last decade and their influence on surface wetting of a 
horizontal tube bundle as well as heat and mass transfer has been investigated. Two different sanded and one sand-
dressed (sandblasted) surface have been used as micro-structured surfaces and one ribbed, one single- and one 
double-grooved tube have been investigated. Additionally, one tube with a hydrophilic surface coating is used by 
Yoon et al. (2002). All discussed surface modifications are summarized in Figure 2.  
 
The influence of two helically sanded surfaces on heat and mass transfer and surface wetting has been investigated 
in a series of studies by Kim et al. (2003a, 2003b), Park et al. (2003, 2004) and Kang and Kim (2006). In all 
investigations the results of these two tubes are compared with a smooth tube. The surface roughness of the helically 
grooved tubes is given with 0.384 µm and 6.986 µm, respectively. Unfortunately, there is no detailed analysis of the 
surface structure and the roughness given in the papers. In both cases, the helix has an angle of 60°. Kim et al. 
(2003a) focus on the effect of surface modification on the wettability of a horizontal tube bundle. They use an 
arrangement of 28 copper tubes in one column. All tubes have a length of 205 mm and the mass flow rate of the 
H2O/LiBr solution is varied from 0.74 to 2.71 kg/min. They show that a higher wettability is achieved with 
increasing surface roughness and empirical correlations for the wettability of the tube bundle are proposed for 
smooth and enhanced surfaces. In a numerical study Kim et al. (2003b) investigated the influence of the surface 
modifications on heat and mass transfer. Their numerical analysis showed that there is a significant improvement in 
performance due to surface treatment, which is explained with the enhancement of the wettability.  
 
Park et al. (2003, 2004) investigated the influence of micro-scale surface treatment on heat and mass transfer in an 
absorber. Their absorber consists of 24 tubes in a single column and each tube has a length of 500 mm. A H2O/LiBr 
solution is used as working fluid. The experiments are conducted with and without the use of an additive (n-Octanol, 
400 ppm). Ethylene glycol is used as coolant and flows in a serpentine arrangement from the bottom to the top of the 
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Pospisil et al. (2009) studied the influence of surface modification on the heat transfer coefficient for different flow 
rates and tube spacings. They use a falling film tube bundle consisting of ten copper tubes with a length of 1000 
mm. A smooth tube, a sand-dressed tube, two different finned tubes, a single grooved tube and a double grooved 
tube are used in the experiments and the tube spacing is varied from 15 to 35 mm. Water is the working fluid. 
Unfortunately, the different enhanced tube surfaces are not described in detail. They report increasing heat transfer 
coefficients with increasing flow rates but due to a high scattering of their results it is not possible to identify the 
influence of the different surface structures on the heat transfer coefficients. 
 
All above mentioned results are in agreement with those reported by Killion and Garimella (2003). There has not 
been a systematic investigation on the interaction between additives and surface modification on the efficiency of 
absorbers, although it is known that these two parameters directly affect each other. Furthermore, in some cases only 
the effect of surface modifications on heat transfer coefficients are reported, but the change in mass transfer is not 
directly proportional to heat transfer. This is especially the case in presence of additives as shown by Miller (1999). 
Therefore, further research on the influence of surface modifications, especially in presence of additives, is 
recommended to identify quantitative correlations for heat and mass transfer. 
 
4.2 Tube Diameter and Spacing 
Although tube diameter has an important effect on heat and mass transfer in falling-film absorber, there are only 
very few investigations directly related to this parameter. As listed in Table 1 most tube diameters used in the 
investigations during the last decade are in a range from 15.9 to 19.0 mm outer diameter. This is nearly identical 
with the range reported by Killion and Garimella (2003). The influence of tube diameter on absorber efficiency has 
been investigated by Yoon et al. (2008). They compared influence on heat and mass transfer of three tubes with an 
outer diameter of 15.88, 12.70 and 9.52 mm, respectively. The different tubes all were mounted in one absorber 
consisting of three columns. In each column the pitch to diameter ratio is 1.63. The flow path of the strong solution 
is controlled with three valves, one at the top of each column. Compared with the tube diameter of 15.88 mm, the 
heat and mass transfer coefficients reported by Yoon et al. (2008) are 9.8 and 11.8 % higher for the smallest tube 
diameter of 9.52 mm. This result is shown in Figure 3. 
 
This is in good agreement with the results obtained by Jeong and Garimella (2005), who showed in a numerical 
investigation that smaller tube diameters lead to an enormous increase of cooling capacity for absorbers with the 
same heat transfer area. They compared tubes with a diameter of 15.88, 6.35 and 3.175 mm. The ones with the 
smallest diameter deliver an increase in cooling capacity of about 55 % when complete wetting of the surface is 
assumed. This is explained by the increase of absorption during the droplet formation, which is proportional to the 
number of tubes of the absorber. Although small diameter tubes seem to be advantageous compared with 
conventional tubes, Jeong and Garimella (2005) point out that a decrease in wetting is expected for smaller tube 
diameters.  
 
Since there has not been suggested a new correlation on the influence of the tube diameter on the heat and mass 
transfer, the relationship 
 
given by Cosienza and Vliet (1990) is still valid, although it is based on a limited number of data. The film Reynolds 
number is defined as Ref = 4Γ/µ and D0 = 19.5 mm. Because of the limited knowledge about the influence of tube 
spacing on heat and mass transfer, additional experimental investigations are suggested. In this context, the relation 
of the tube diameter and surface wetting should also be examined in order to identify the practical optimum for 
absorber design. 
 
The effect of tube spacing and the number of tubes has not found much attention in the last decade. Only Nosoko et 
al. (2002) and Pospisil et al. (2009) have investigated these parameters for falling-film absorbers with horizontal 
tube bundles. Unfortunately, both of them did not use one of the typical working fluids for absorption chillers, but 
the general results might be useful for design considerations of tubular absorbers. Nosoko et al. (2002) studied the  
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Figure 3: Effect of the diameter and solution flow rate on the mass transfer coefficient (Yoon et al., 2008) 
 
absorption of oxygen into a falling film of water. The absorber consisted of copper tubes with an outer diameter of 
16mm in a single-column. The number of tubes has varied from 2 to 8 tubes and the spacing between the tubes was 
2, 5, 10 and 15 mm, respectively. The wetted length of the tubes is 284 mm and the experiments are conducted at 
atmospheric pressure. They report an increase in mass transfer for all investigated film flow rates with an increasing 
distance between the tubes. This enhancement is explained by the change from a sheetwise film flow to a 
discontinuous droplet flow for increasing tube distances, which leads to a better mixing of the film on the tube. This 
result agrees with those of Atchley et al. (1998) and Miller (1999) without any surfactant. Unfortunately, the results 
of Atchley et al. (1998) and Miller (1999) do not show such a clear trend, when the experiments are performed with 
an additive. According to Nosoko et al. (2002) the influence of the number of tubes in one column is not as strong as 
the influence of tube spacing.  
 
Pospisil et al. (2009) have investigated the influence of tube spacing on the rate of heat transfer on a falling-film 
tube bundle. The outer diameter of the copper tubes is 12mm and the center-to-center distance between the tubes is 
15, 20, 25, and 35 mm, respectively. Water is used as working fluid in the experiments. Their results show that an 
increase of film flow rate leads in general to higher heat transfer rates. The highest heat transfer coefficients are 
obtained with the smallest tube distance, when smooth tubes are used. For the structured surfaces used in their 
investigation, the results seem to be arbitrary and should be checked in further investigations.  
 
Both, Pospisil et al. (2009) and Nosoko et al. (2002), showed that the backsplash of the falling film becomes higher 
with increasing tube spacing and number of tubes. Hereby, it is not completely understood which is the dominant 
parameter. According to Nosoko et al. (2002) the backsplash is negligible for tube distances smaller than 5 mm, but 
it increases exponentially with flow rate for larger tube distances. Especially for a tube distance of 35 mm, Pospisil 
et al. (2009) reported backsplash rates of more than 70 % of the total flow rate for all investigated flow rates. 
 
Because of the limited knowledge on the effect of the number of tube and spacing between them, further 
experimental research on these parameters is suggested. Thereby, the influence of backsplash rates on heat and mass 




In this review the latest experimental investigations on heat and mass transfer in falling-film absorbers with 
horizontal tubes are summarized. Although many different aspects as geometrical parameters of the absorber, 
different working fluids and their additives are covered in literature, there are still many basic questions to be 
answered.  
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Very promising first attempts are presented to develop new working pairs and additives for absorption chillers. 
Especially the so-called ionic liquids are of great interest because they can be customized onto the requirements of 
the absorption process. Furthermore, it is shown that the mass transfer coefficient can be enhanced by adding 
nanoparticles, which are a new class of additives. Unfortunately, the basic mechanism leading to this enhancement is 
unknown. In both cases, the current state-of-the-art is very low and a substantial amount of research has to be done 
before these new attempts can be evaluated. 
 
It is shown that the efficiency of tubular absorbers can be enhanced with different geometrical parameters as tube 
diameter, tube distance or tube surface. Smaller tube diameter, some enhanced surfaces and an increasing tube 
distance lead to enhanced heat and mass transfer. Unfortunately, the basic mechanisms for the enhancement are not 
completely understood for all geometrical parameters. More systematic and detailed observations are necessary to 




D diameter (m)  Subscripts 
Nu Nusselt number (-) f  film  
p pressure (Pa) 0  reference 
Re Reynolds number (-)  
T Temperature (°C) 
ε surface roughness (µm) 
Γ specific film flow rate (kg / m s) 
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